Seismological studies indicate that the inner core of Earth is anisotropic for compressional waves (P waves), and has low shear wave (S wave) velocity, and high seismic attenuation. Using an effective medium theory for composite materials, we show that the presence of a volume fraction of 3 to 10% liquid in the form of oblate spheroidal inclusions aligned in the equatorial plane between iron crystals is sufficient to explain the aforementioned seismic phenomena. Variation of S-wave velocity between the polar axis and equatorial plane is more sensitive to the addition of liquid than that of P waves. The liquid could arise from the presence of dendrites or a mixture of elements other than iron that exist in liquid form under inner-core conditions.
On the basis of the lack of any observed S waves from the deeper part of Earth, in 1929 Sir Harold Jeffreys (1) proposed that the core of Earth consisted of fluid. In 1935, Lehmann (2) introduced the concept of the inner core and suggested that it could be solid. Since then, the solidity of the inner core has been reaffirmed by the observations of reflected phases from the inner core boundary (ICB) (3), normal modes (4) , and more recently by the presence of transmitted S-wave phases (5, 6) . However, these results do not rule out the possibility of the presence of a small amount of fluid in the inner core. Although this notion has been qualitatively put forward before for individual seismic observations (7) (8) (9) , we quantitatively demonstrate here that the seismic data can be explained by the presence of a small amount of fluid in the inner core.
We limit our consideration to a few basic seismic parameters that can be compared with observations from the inner core, namely, P-and S-wave velocities and attenuation in the vicinity of the ICB, and average Pwave anisotropy. Accordingly, we employ relatively simple models that are isotropic or transversely isotropic. The P-wave velocity in the core is well constrained, jumping from 10.29 km s Ϫ1 to 11.04 km s Ϫ1 at the ICB, and then increasing linearly to 11.26 km s Ϫ1 at the center of Earth (10) . The S-wave velocity is not so well constrained but is Ͻ3.65 km s Ϫ1 at the ICB (4 -6) . Seismic attenuation studies suggest that at least the outer part of the inner core has high attenuation with a quality factor (11) of 200 to 400 for P waves (7, 12) and 100 to 200 for S waves (7, 12, 13) . Several studies of P waves suggest that the inner core of Earth is elastically anisotropic (14 -18) , with the P-wave velocity along the pole axis being 3 to 4% higher than that in the equatorial plane, although there are studies indicating the absence of anisotropy (19) . It has also been suggested that the P-wave anisotropy is in the opposite sense to the Pwave attenuation anisotropy (20, 21) .
To shed light upon the composition, and hence the evolution, of the inner core, it is necessary to relate these seismic properties to plausible materials at inner-core temperatures (4000 to 8000 K) and pressures (330 to 360 GPa). The hexagonal close-packed (hcp) form of solid Fe is considered to be the dominant material in the inner core (22) (23) (24) (25) (26) . The density and elastic parameters of hcp Fe have been calculated both experimentally (25) (26) (27) (28) and theoretically (29) at high pressure and room temperature. These results can explain the P-wave anisotropy in the inner core, but they overestimate the P- (25, 26) and S-wave (29) velocities. The anisotropy in the inner core could also originate from a low-order convection (30, 31) or solidification texturing (32) . If the inner core consists of pure solid Fe crystals (29) , then seismic attenuation would be small, with a quality factor of the order of tens of thousands. We postulate that fluid inclusions might be responsible for these discrepancies. Using an effective medium theory for a composite material, we quantify the amount, geometry, and form of the fluid inclusions that would be required to simultaneously explain the presence of seismic anisotropy, high attenuation, and low S-wave velocity, and then suggest that the inner core might be partially molten.
We used a differential effective medium theory (33) (34) (35) (36) , where liquid inclusions are introduced incrementally into a solid background matrix to produce a two-phase composite. The inclusions are introduced in the form of spheroids with semi-axes a and c (for Cartesian coordinates x, y, and z, x 2 /a 2 ϩ y 2 /a 2 ϩ z 2 /c 2 ϭ 1; x,y Յ a, z Յ c), and which have a circular cross section in the xy plane. The existence of an analytic solution for the changes in elastic properties that are intro-duced (37) and the fact that the shape of the spheroid can be defined by a single parameter, the ratio of its semi-axes a/c, make this choice of geometry advantageous. We consider spheroids with aspect ratios varying from 1 (spheres) to 100 (a Ͼ c, flat disks) to 0.01 (a Ͻ c, thin fibers). The solid background material can be isotropic or anisotropic, and the liquid inclusions can either be oriented randomly in the medium (isotropic) or be aligned along one direction (anisotropic).
To model the solid background material, we used the theoretically calculated elastic parameters of the hcp Fe crystal at 330 GPa (29) . These values are for room temperature, and although they might vary with increasing temperature (25) , the trends we present remain valid at higher temperatures. When considering the effect of the liquid inclusions, we took the properties of the outer core at the ICB (10, 25) , which is thought to consist of liquid Fe. Any other liquid with similar seismic properties could be considered. We assumed that the inclusions are not connected to one other, which is valid for the low concentrations considered here. If the inclusions are aligned along a particular direction, in order to maintain the transversely isotropic properties exhibited by the hcp Fe, the inclusions must be aligned with their c axes parallel to the symmetry axis of the background medium. The symmetry axis of the hcp Fe and the c axes of the inclusions are therefore assumed to be aligned with the polar axis of Earth.
Adding spherical (a/c ϭ 1) inclusions to an isotropic background-matrix material does not introduce any P-wave anisotropy, and so the composite material remains isotropic for all melt fractions ( Fig. 1A) . However, the P-wave velocity decreases smoothly with the increase of melt fraction [Web fig. 1 (38) ]. Adding inclusions with a/c 1 produces a transversely isotropic composite material, with the anisotropy increasing or decreasing with the increase of melt fraction for a/c Ͻ 1 and a/c Ͼ 1, respectively (Fig. 1A) . In order to produce a P-wave anisotropy of 3% as suggested by the seismic data, one would require Ͼ14% of liquid in a fiber form (a/c Ͻ 1) aligned along the polar axis.
Addition of isotropic spheres of melt to an anisotropic background-matrix of hcp Fe (29) , where the P-wave velocity along the polar (symmetry) axis is faster than that in the transverse direction, does not alter the anisotropy very much with increasing melt fraction ( Fig. 1B) . Addition of aligned liquid inclusions with a/c 1 has the same effect as in the isotropic case, but now the initial anisotropy is non-zero, leading to positive values for P-wave anisotropy up to about 11.75% melt ( Fig. 1B ). If we assume that the inner-core anisotropy is somewhere between 0 and 3%, then we would require 0 to 14% of aligned liquid inclusions with a/c Ͻ 1 (fibers) for an isotropic matrix or 0.5 to 11.75% of aligned inclusions with a/c Ͼ 1 (disks) for an anisotropic matrix. If the inclusions were randomly oriented, they would have little or no effect on the P-wave anisotropy. These results are therefore consistent both with cases of the proposed presence (14 -18) and absence (19) of anisotropy.
From the existing seismic data, we only have estimates for the vertically polarized S-wave (SV) velocity and have no constraints on the horizontally polarized S-wave (SH) velocity. The effect on the SV velocity of adding liquid inclusions to an anisotropic background matrix, aligned with their c axes along the polar direction and a/c ϭ 0.1 or 0.01, differs little from adding spherical liquid inclusions, because these shapes are relatively rigid in response to shear in the vertical plane ( Fig. 2A ). However, aligned liquid inclusions with a/c ϭ 10 or 100 have a devastating effect on the S-wave velocity, because the inclusions are weak when subjected to shear in the vertical plane, thus strongly decreasing the SV velocity with the addition of only a few percent of melt ( Fig.  2A) . For instance, only ϳ3% melt fraction of inclusions of a/c ϭ 100 is sufficient to reduce the S-wave velocity from 6 km s -1 of the pure solid hcp Fe to the seismically observed value of 3.65 km s Ϫ1 . For inclusions of a/c ϭ 10, ϳ17.5% melt is required. The reduction in SH velocity in the equatorial plane that arises from adding liquid inclusions of any aspect ratio is much less (Fig. 2B) because the inclusions are relatively rigid in their plane of symmetry. These results are similar for an isotropic starting material (Web fig. 2 ). Therefore, to reduce the SV velocity significantly, the inclusions must have aspect ratios Ͼ1, equivalent to aligned disks lying in the equatorial plane.
The variation of velocity with propagation angle between the polar axis (0°) and the equatorial plane (90°) for a melt fraction of 5% and a/c ϭ 10 (Fig. 3) highlights the effect of a relatively low liquid fraction within the range of our final estimate of values that are consistent with the seismic observations. We compared our results with those of Stixrude and Cohen (29) for pure hcp Fe. The P-wave velocity and anisotropy variation with angle differs very little from that of pure Fe with the addition of 5% liquid, and the greatest difference in normalized P-wave velocity is only ϳ1.5%. The effect on the S-wave velocity of adding only a small amount of liquid is striking. The SV velocity of the composite is ϳ8% greater than that for pure Fe at 45°, and the SH velocity of the composite is ϳ12% greater than that for pure Fe at 90°. These results suggest that a more complete knowledge of the S-wave velocity and S-wave anisotropy are key factors in constraining the model of the inner core.
In the absence of any knowledge of the S-wave anisotropy, we turn our attention to seismic attenuation. We apply an extension of a theory developed by Hudson et al. (39) to calculate the P-and S-wave attenuation, Q P Ϫ1 and Q S Ϫ1 , respectively (40) . To minimize the number of parameters considered, we present results for the isotropic case where the background material and liquid are isotropic and the liquid inclusions are added with random orientations. Although there is uncertainty in all the parameters in the expressions for the attenuation (40), by far the least well constrained is the viscosity of the liquid l , which, based on estimates for the viscosity of the liquid in the outer core, could be anywhere between 10 Ϫ1 and 10 8 kg m Ϫ1 s Ϫ1 (41). Thus, we treat this as a variable in our computations and present results of attenuation for the whole range of viscosities of interest. We assumed that the dominant frequency range of the seismic waves was 0.2 to 1.5 Hz and the average length of the inclusions was 10 Ϫ3 to 10 Ϫ6 times the seismic wavelength. The attenuation shows a maximum peak at a viscosity of about 250 kg m Ϫ1 s Ϫ1 (Fig. 4 ) and diminishes completely for lower and higher viscosities. This is intuitive, because one would not expect any attenuation if the liquid in the inclusions is like water ( l ϭ 10 Ϫ2 kg m Ϫ1 s Ϫ1 ) since it would diffuse and reequilibrate the pressure differential almost instantaneously compared to the time for the wave to pass through the medium. Similarly, if the viscosity is high (for example, l ϭ 10 8 kg m Ϫ1 s Ϫ1 ), the composite responds as a purely elastic material on the time scale of the seismic wave and there is no attenuation. For a fixed viscosity, the P-and S-wave attenuation increase linearly with increasing liquid content up to 10% melt fraction.
At fixed viscosity, for a given melt fraction the attenuation decreases with increasing aspect ratio and is most pronounced for spherical inclusions (Fig. 5, A and B) . The attenuation is a maximum for l ϭ 100 kg Sense of alignment and shape are indicated by schematic on right. C ijkl are components of the stiffness tensor where 3 is coincident with the polar axis and 1 and 2 lie in the equatorial plane, is the density of the composite, and V P 0 is the P-wave velocity of the 100% solid matrix in the 3 direction. Starting materials are (A) an isotropic solid and (B) an anisotropic solid with hcp symmetry (29) . Arrows indicate range of melt fraction consistent with 0 to 3% anisotropy. m Ϫ1 s Ϫ1 and decreases for progressively higher and lower viscosities. To explain the seismically observed values of Q P Ϫ1 ϭ 0.05 and Q S Ϫ1 ϭ 0.01, one would require ϳ6 to 8% of liquid inclusions with l ϭ 100 kg m Ϫ1 s Ϫ1 and a/c ϭ 10, or 12 to 16% of liquid inclusions with l ϭ 1000 kg m Ϫ1 s Ϫ1 and a/c ϭ 10. Both of these cases are consistent with the P-wave anisotropy and S-wave velocity results. In estimating the attenuation, we assumed that the background material is isotropic. If the background material is composed of aligned hcp Fe crystals, as suggested by Figs. 1 and 2 , then the effect of aligned fluid inclusions in the equatorial direction would be the same as that of stratified smallscale scatters (21) , which would explain the attenuation anisotropy (20, 21) . This is confirmed by the decrease of P-wave anisotropy with the increase of liquid inclusions (Fig. 1 ). Normal mode studies (13) suggest low attenuation (Q ϳ 3000) compared to body wave results (20) . Our calculations suggest that this discrepancy could be explained by the frequency-dependence of attenuation from liquid inclusions ( Fig. 4) (40) .
Although there are several independent parameters controlling the attenuation, P-wave anisotropy, and S-wave velocity, we conclude that a 3 to 10% melt fraction of spheroidal liquid inclusions with an aspect ratio of 10 to 20 (flat disks), aligned with their c axes along the polar axis and with a viscosity of the order of 100 kg m Ϫ1 s Ϫ1 , would explain the existing seismic observations. Our model suggests that the S-wave anisotropy in the inner core should be large, of the order of 20%, and the determination of this is important in distinguishing our model from others.
Our estimate of the liquid content in the inner core is based on existing seismic results. As the constraints on values of the S-wave velocity and attenuation are mainly from the outer part of the inner core, we suggest that the liquid is present at least in the upper few hundred kilometers. It has been proposed that Earth's inner core has formed by gradual solidification of the liquid core as Earth cooled (42), and compositional effects associated with this solidification process can release energy at a rate sufficient to power the geodynamo (43). If the core is not composed of pure Fe, but instead is an uncertain mixture of other elements (30), then it is possible that some elements might be in a liquid state at the inner-core temperature and pressure conditions. It has been suggested (23, 24) that up to 10% sulfur might be present in the inner core. The melting temperature of sulfur is much lower than that of Fe; therefore, it is possible that FeS in liquid form might get trapped in the inner core. Earth's rotation could be the cause of alignment of the liquid in the equatorial plane. The presence of liquid would also increase the inviscidity of the inner core, which might lead to convection (14) . A partially molten inner core would have profound implications for the evolution and dynamics of the core. fig. 3 ]. Both plots reveal a peak at l ϳ 250 kg m Ϫ1 s Ϫ1 . This figure equivalently illustrates the variation in Q P Ϫ1 with melt fraction and variable frequency () at fixed l (40).
Fig. 5. Variation of (A) Q P
Ϫ1 and (B) Q S Ϫ1 with melt fraction at constant viscosity ( l ϭ 100 kg m Ϫ1 s Ϫ1 ) for a/c ϭ 1, 10, and 100. Variation of (C) Q P Ϫ1 and (D) Q S Ϫ1 with melt fraction at constant aspect ratio (a/c ϭ 1) for viscosities l ϭ 1, 10, 100, and 1000 kg m Ϫ1 s Ϫ1 . Arrows indicate range of melt fraction consistent with observed values for attenuation in the inner core.
